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Abstract
The Snowflake (SF) magnetic configuration is investigated as a potential power exhaust solution for a fusion
reactor, but also to improve our understanding of divertor physics in general. Unlike a conventional Single
Null (SN), it features an additional nearby x-point, which deeply modifies the magnetic field in the Scrape-
Off Layer (SOL) and can thereby affect parallel and cross-field transport of heat and particles. This paper
investigates the power exhaust properties of the Snowflake Minus (SF-) configuration on the TCV tokamak,
for Ohmically heated, L-mode, low-density, attached plasmas for a range of x-point separations, magnetic
field directions and locations of the secondary x-point (low-field-side (LFS) or high-field-side (HFS)). Due
to the relatively large x-point separation in physical space, this study probes x-point transport features in
general, rather than reactor relevant aspects of the SF configuration. The target heat fluxes at all strike
points are simultaneously monitored with an infrared (IR) thermography system and the kinetic profiles of
the SOL at the outer mid-plane with a reciprocating probe (RCP). The placement of the additional X-point
is seen to affect the inner-outer divertor power balance. An effective heat flux width λeffq,u for the SOL in
the low Bp region is inferred from the measured power repartition between the two SOL manifolds created
by the secondary x-point. For the LFS SF- configuration (secondary null in the LFS SOL), the λeffq,u is two
times larger than that measured by the RCP at the outer mid-plane and by IR at the outer target of a
comparable SN, while the outer mid-plane SOL profiles are similar to the SN. This is interpreted as the effect
of increased effective cross-field diffusivity χnull⊥ in the intra-null region relative to the rest of the SOL. For
the HFS SF- configuration (secondary null in the HFS SOL), no such increased transport is observed. The
pressure-driven plasma convection expected near the primary null cannot explain the increased χnull⊥ , which
is instead consistent with interchange ballooning-like turbulence enhanced by the low poloidal field.
I. INTRODUCTION
In a nuclear fusion reactor based on the tokamak con-
cept, the power which leaves the confined plasma and
enters the Scrape-Off Layer (SOL) will be much higher
than in present-day experiments. If unmitigated, the
heat fluxes to the divertor targets will exceed the tech-
nological limits for actively cooled surfaces and result in
machine damage3,4.
The target peak heat flux can be mitigated by oper-
ating the divertor in the detached regime, characterised
by low divertor plasma temperatures and high densities
that enhance ion-neutral friction and volumetric power
losses in the divertor SOL. The peak heat flux can be
also reduced by increasing the wetted area, at the target,
over which the heat is spread, by broadening the SOL
width.
The capability of a given magnetic configuration to
mitigate target heat fluxes, i.e. its power exhaust per-
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formance, is a crucial parameter for its potential for ex-
ploitation in a safe and successful operation of a nuclear
fusion reactor. The conventional Single-Null (SN) config-
uration is the most widely explored in present-day toka-
maks and that adopted for the ITER experiment. Since
it remains uncertain whether the conventional configura-
tion extrapolates to a nuclear fusion reactor, alternative
magnetic configurations are worth considering.
The Snowflake (SF)5 configuration is one of several
alternative magnetic configurations that are considered.
Unlike the SN, which features a first-order poloidal field
null often referred to as x-point, the exact SF configura-
tion features a second-order null, where both the poloidal
magnetic field and its first spatial derivatives are null. In
the proximity of a second-order null, the magnetic sepa-
ratrix has a characteristic hexagonal structure, evocative
of a snowflake, with two branches enclosing the plasma
with the others connecting to four different strike points
at the machine wall. Since an exact SF resides only at
a single point in the operational space, any experimen-
tal SF configuration will, in practice, feature two nearby
first-order nulls. While a small separation is unavoid-
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able, a larger separation may also be intentionally cho-
sen. The primary x-point is associated with the primary
separatrix, enclosing the plasma. The secondary x-point
is associated with a secondary separatrix that may be
positioned either in the private flux region of the main
separatrix, termed a Snowflake Plus (SF+), or in its com-
mon flux region, termed a Snowflake Minus (SF-). The
latter has two variants, the Low-Field Side (LFS) and
the High-Field Side (HFS) Snowflake Minus, for which
the secondary x-point is located in the LFS or in the
HFS SOL, respectively.
The TCV tokamak1 is capable of routinely generating
all the variants of the Snowflake configuration. The first
SF studies in TCV6–9 demonstrated its basic power ex-
haust properties for low-confinement (L-mode) and high-
confinement (H-mode) plasmas. These included indica-
tions of enhanced transport into the private flux region,
a reduction of target peak heat fluxes compared to a sim-
ilar SN configuration and the activation (i.e. heat trans-
mission) of the secondary x-points of the SF+ during
Edge-Localized-Mode activity.
More recent studies on the SF in TCV focus primar-
ily on the SF- configuration, for an L-mode plasma with
both divertors in the attached regime10. The distribution
of exhausted heat flux among the strike points was char-
acterised as a function of the distance between the two
x-points using wall-embedded Langmuir probes11. The
present paper is a natural continuation of that work, ex-
ploring the power exhaust performance of the same con-
figuration, using a recently upgraded Infrared thermog-
raphy to infer target heat fluxes.
The paper is structured as follows. Section II describes
the experimental setup and the structure of the study. A
comparison of the target heat flux profiles in the SF- and
SN configuration is presented in Section III. Section IV
presents the observed variation of power sharing between
inner and outer divertor with increasing x-point separa-
tion. In Section V, the power splitting at the secondary
null is interpreted with an analytical model to infer a
value for the SOL width in the low poloidal field region.
The value is then compared to that estimated at the outer
mid-plane (by a reciprocating probe) and at the target
(with an infrared thermography system). The results are
discussed in Section VI with some conclusions presented
in Section VII.
II. EXPERIMENTAL SETUP AND METHODS
The Tokamak a` Configuration Variable (TCV)1 is
a medium size tokamak with a major radius of
R0 = 0.88 m, an aspect ratio of 3.5 and a highly elon-
gated vessel. Its 16 independently powered poloidal field
coils can generate a wide range of plasma shapes and
divertor configurations. Graphite protection tiles cover
almost entirely the vessel walls. The unique magnetic
flexibility of TCV and its large array of boundary diag-
nostics are used to investigate the effect of modifications
in the magnetic geometry of the plasma on the power
exhaust physics. The obtained magnetic configurations
are reconstructed from magnetic measurements using the
LIUQE equilibrium solver12.
A. The Infrared Thermography system
The TCV IR thermography system consists of two fast
IR cameras, figure 1a), the vertical (VIR) and horizontal
(HIR) infrared systems13. They can measure simultane-
ously the divertor heat flux profiles at each strike point
for a wide range of magnetic configurations. The VIR is
mounted on the top of the machine and images the ves-
sel floor covering the outer strike point (OSP) of a con-
ventional SN. The HIR is mounted on a lateral port and
images a portion of the central column covering the inner
strike point (ISP) of the SN configuration. The camera
can be alternatively mounted on a lower or a mid-plane
port. Typical frame rate and spatial resolution (at the
target) for this study are 400 Hz and 2.5 mm for the VIR,
200 Hz and 1.6 mm for the HIR.
The THEODOR code14 is used to infer the deposited
heat flux at each divertor target during the plasma dis-
charge. It solves the heat diffusion equation for the diver-
tor tiles, using the evolution of the divertor target surface
temperature measured by the IR thermography as a con-
straint. The code accounts for heat diffusion through the
tile depth and along one direction on the tile surface,
which is the major radius R for the outer divertor and
the vertical position Z for the inner divertor, but neglects
heat diffusion in the toroidal direction.
The inferred target heat flux profile is mapped up-
stream on the outer (or outboard) mid-plane (OMP) by
tracing the magnetic field lines, to facilitate the compari-
son of target heat fluxes for different divertor geometries.
The heat flux profile can then be parameterised to in-
vestigate the properties of the SOL cross-field transport.
The fitting function is a convolution of a truncated ex-
ponential of decay length λq,u and a Gaussian of width
Su
15. λq,u is usually associated to the cross-field trans-
port in the main SOL, surrounding the confined plasma,
and Su to the symmetric cross-field spreading of heat
and particles in the divertor SOL, between x-point and
target. The fit function allows for a shift of the separa-
trix position which can be caused by uncertainties in the
equilibrium reconstruction.
B. The fast reciprocating probe
The TCV fast reciprocating probe16,17 is mounted at
the outboard mid-plane. It features 10 electrodes and
is electrically isolated to keep its voltage at the float-
ing potential of the plasma. A double probe, consist-
ing of two electrodes whose voltage difference is swept at
1 kHz, provides I-V characteristics every 0.5 ms, yield-
ing estimates for the electron temperature Te, electron
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FIG. 1. (a-d) Some of the magnetic configurations considered in this study, with the strike point naming convention. In (a),
the field-of-view for the horizontal (HIR) and vertical (VIR) infrared system is also shown, together with location and typical
depth of the fast reciprocating probe (RCP). (e-f) Profiles of the parallel connection length for the inner (HFS) and outer (LFS)
SOL of these configurations.
density ne and ion saturation current density jsat in the
SOL. The I-V fitting function is corrected for the sheath
expansion18. Other electrodes measure the ion satura-
tion current (Isat) and the plasma floating potential (Vf )
at several positions.
C. Overview of the study
This study concentrates on Ohmic, L-mode deuterium
plasmas, with Ohmic heating power PΩ ≈ 250 kW , elon-
gation κ ≈ 1.56, upper triangularity δu ≈ 0.12 and a
plasma current of IP ≈ 240 kA. The line-averaged elec-
tron density is set at 〈ne〉 ≈ 3 · 1019 m−3, corresponding
to a Greenwald fraction of fGW ≈ 0.22. At this density,
both the inner and outer divertor are in the attached
regime.
The magnetic configuration is either a SN, figures 1a)
and 1c), or a SF-, figures 1b) and 1d). In the SN, the
strike point at the smaller radius is known as inner strike
point (ISP), the other as outer strike point (OSP). In the
SF-, the strike points are labelled from 1 to 4 starting at
the highest (z) strike point on the inner wall and counting
counter-clockwise.
Each magnetic configuration is executed with the mag-
netic field in the Forward Field direction (FF, ion ∇B
drift downwards, favourable for H-mode access) and Re-
versed Field direction (RF, ion ∇B drift upwards, un-
favourable for H-mode access).
D. Geometrical properties of the Snowflake Minus
The Snowflake Minus configuration features a sec-
ondary null, positioned in the common flux region of the
primary separatrix. This is associated to a secondary
separatrix, shown in red in figures 1b) and 1d). The ef-
fect of the secondary null on the SOL field line geometry
in TCV is twofold.
Firstly, the secondary null creates a low poloidal field
region, which enhances the length of magnetic field lines.
The parallel connection length of magnetic field lines in
the divertor hosting the secondary x-point is strongly in-
creased for the flux surfaces approaching the secondary
separatrix, compared to a similar SN configuration, figure
1e) and 1f). The parallel connection length L‖ is defined
as the length of a magnetic field line connecting the outer
mid-plane to the target. In contrast, the geometry of the
other divertor is unaffected.
Secondly, the secondary null splits SOL magnetic field
lines into two manifolds, which connect to two different
targets and strike points. These are SP2 and SP4 for
the LFS SF- configuration, figure 1b), SP1 and SP3 for
the HFS SF- configuration, figure 1d). The manifold de-
limited by primary and secondary separatrix is referred
to as ”near-SOL”, the other as ”far-SOL”. The separa-
trix spatial distance determines the relative size of the
manifolds and, therefore, the sharing of SOL heat fluxes
between the two targets. It is indicated by drx2 and is
measured at the outboard mid-plane, see figure 1b).
Since drx2 controls the SOL power distribution in
the divertor hosting the secondary null, it is the pa-
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FIG. 2. Magnetic equilibria of the realized drx2 scan for the
LFS SF- (a-d) and the HFS SF- (e-h). The geometrical co-
ordinates (σ, θ) and the separatrix distance drx2 at the OMP
are indicated.
rameter chosen, in this study, to characterise the ex-
haust properties of the SF-. The drx2 is scanned from
≈ 0 mm to ≈ 12 mm for the LFS SF- configuration,
up to ≈ 6 mm for the HFS SF-, by displacing the sec-
ondary null away from the primary null, whilst keeping
the plasma shape as constant as possible, see figure 2.
The value drx2 ≈ 12 mm, is relatively large since it ex-
ceeds by a factor ≈ 3 the typical SOL heat flux width at
this plasma current, λq,u ≈ [3− 5] mm.
SF configurations are often characterised by two geo-
metrical coordinates σ and θ, where σ is the spatial dis-
tance between the x-points in the poloidal plane divided
by the plasma minor radius, while θ is the angle between
a line connecting the x-points and a line perpendicular
to the segment connecting the magnetic axis and the pri-
mary x-point19. Each drx2 value can describe an entire
set of configurations with a range of (σ, θ) values. Sim-
ulations have, however, shown that at sufficiently large
σ the power exhaust is largely determined by drx2
10. In
this TCV experiment, increasing drx2 changes both σ
and θ change, figure 2. For the LFS SF-, σ varies from
≈ 0.70 to ≈ 1.13. It should be noted that drx2 ≈ 0 does
not necessarily correspond to σ ≈ 0, the exact SF. In the
this study, when drx2 ≈ 0, the x-points are well sepa-
rated in space, figures 2a) and 2e), with σ ≈ 0.7 for the
LFS SF- and σ ≈ 0.49 for the HFS SF-.
E. Global power balance
For both the SN and SF- configurations, the power
measured at the strike points, from the IR thermography
system, and the total radiated power, from tomographic
inversions of bolometer measurements, together account
for ≈ 75% (in FF) and ≈ 85% (in RF) of the Ohmic
heating power. The deficit in the power balance is inde-
pendent of drx2. The incomplete edge coverage by the
bolometers and light reflection on the bolometer foils20,
as well as charged particle losses on the main chamber
walls can easily account for the missing exhaust power.
III. TARGET HEAT FLUX PROFILES IN THE SF-
This section presents the target heat flux profiles
of a LFS SF- configuration with drx2 = 3.5 mm, fig-
ure 1b) and those of a HFS SF- configuration with
drx2 = 1.5 mm, figure 1d). The magnetic field is in the
forward field (FF) direction. Each SF- variant is com-
pared to a reference SN, figure 1a) and figure 1c) respec-
tively. The SF- and its SN reference have comparable
core shape and parallel connection length to the side of
the divertor that does not host the secondary null.
A. The LFS Snowflake Minus
The target heat flux profiles in the LFS SF- config-
uration of figure 1b) are shown in figure 3. The main
differences from the heat fluxes in the reference SN con-
figuration of figure 1a) are discussed by strike point.
• The heat flux at SP1 resembles the shape of the
heat flux at the ISP of the reference SN, but with
greater associated power.
• The heat flux at SP2 is less than at the OSP of the
reference SN and has an approximately symmetric
shape.
• At SP3, no significant heat flux is detected. This is
expected from basic geometric considerations, since
SP3 is not connected by magnetic field lines to the
SOL, and this observation is consistent with previ-
ous L-mode observations on TCV8.
• The heat flux at SP4 resembles the shape of the
heat flux at the OSP of the reference SN, but with
lower associated power.
• All strike points, in any configuration (SN and SF-
), show a displacement of the peak heat flux from
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FIG. 3. Parallel heat flux measured by IR thermography at the active strike points of the LFS SF- of figure 1b) (blue squares)
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- 1 0 0 1 0 2 00
1
2
3
4
5
Sec
ond
ary
 sep
ara
trix
 (dr
x2 =
 1.5
 mm
)
S N  O S P
S N  I S PS N  I S P
S P 4S P 3S P 1
T a r g e t  p a r a l l e l  h e a t  f l u x ,  m a p p e d  o n  t h e  o u t e r  m i d - p l a n e :  H F S  S F -  ( b l u e )  a n d  S N  w i t h  l a r g e  R t  ( g r e y )
q* //
,u  [M
W/m
2 ]
# 5 2 5 4 9 ,  [ 0 . 5 5 - 0 . 8 5 ]  s# 5 2 5 5 1 ,  [ 1 . 1 5 - 1 . 6 ]  s  
d r u  [ m m ] - 1 0 0 1 0 2 0
0
1
2
3
4
5
d r u  [ m m ]
- 2 0 - 1 0 0 1 0 2 00
1
2
3
4
5
6
7
8
9
1 0
d r u  [ m m ]
FIG. 4. Parallel heat flux measured by IR thermography at the active strike points of the HFS SF- configurations of figure 1d)
(blue squares) and of the reference SN (grey areas) of figure 1c), mapped on the outer mid-plane. dru is the outer mid-plane
distance of flux surfaces to the separatrix, obtained from the LIUQE equilibrium reconstruction. Dashed blue lines indicate
the reconstructed location of the secondary separatrix. Each divertor shape is stationary for [100 to 600] ms.
the position of the strike point, towards the pri-
vate flux region. This could be the effect of errors
in the magnetic equilibrium reconstructed with the
LIUQE solver.
The heat flux profile at SP4 for the SF configuration
is then parameterised to infer λq,u and Su. The fit func-
tion is the same as that used for the SN, with the dif-
ference that the fit parameter s0 represents a shift of the
secondary separatrix position, not of the primary, due to
uncertainties in the equilibrium reconstruction. The SOL
width λSP4q,u = (4.6± 0.6) mm is slightly broader com-
pared to the SN, λOSPq,u = (3.8± 0.2) mm. The diver-
tor spreading factor SSP4u = (3.2± 0.7) mm is approxi-
mately 3.5 times larger than for the SN configuration,
SOSPu = (0.9± 0.1) mm.
Since the flux expansion at the target in the SF,
fSP4x ≈ 1.7, is 3.4 times smaller than the SN, fOSPx ≈ 5.8,
the spreading factor evaluated at the target (perpendicu-
lar to flux surfaces) S = Su · fx is the same S ≈ 5.3 mm
in both configurations. S is seen to be insensitive to
the changes in the divertor geometry associated to the
secondary null, such as the larger major radius of the
target Rt. Superficially, the LFS SF- agrees with the SN
experiments, where S is also observed to be insensitive
to variations of the divertor geometry13 but, as will be
shown in the following, this agreement does not extend
to the HFS SF-.
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FIG. 5. Power measured at the active strike points of the TCV LFS Snowflake Minus configuration, by Infrared thermography,
for forward (blue) and reversed (magenta) field direction, as a function of the separatrix distance drx2 at the OMP (a-b-c), and
in-out SOL power ratio Pin/Pout = PSP1/(PSP2 + PSP4) (d). The values for the reference SN of figure 1a) are also shown.
FIG. 6. Power measured at the active strike points of the TCV HFS Snowflake Minus configuration, by Infrared thermography,
for forward (blue) and reversed (magenta) field direction, as a function of the separatrix distance drx2 at the OMP (a-b-c), and
in-out SOL power ratio Pin/Pout = (PSP1 + PSP3)/PSP4 (d). The values for the reference SN of figure 1c) are also shown.
B. The HFS Snowflake Minus
The target heat flux profiles in the HFS SF- config-
uration of figure 1d) are shown in figure 4. The main
differences from the reference SN configuration of figure
1c) are discussed in the following by strike point. The IR
measurements are in qualitative agreement with previous
observations based on target Langmuir Probe analysis8.
• The heat flux profile at SP1 is hollow at ≈ 4 mm
from the nominal position of the strike point, here
defined by the secondary separatrix, that maps to
≈ 1.6 cm above the SP1 at the target. The hollow
feature may be the effect of ion ∇B, curvature B
and ~E × ~B drifts in the inner SOL13,21.
• At SP2, no significant heat flux is detected. This is
expected from basic geometric considerations, since
SP3 is not connected by magnetic field lines to the
SOL, and is consistent with previous L-mode ob-
servations on TCV8.
• The heat flux at SP3 is larger than that at the
ISP of the reference SN and has an approximately
symmetric shape.
• The heat flux at SP4 resembles the heat flux at the
OSP of the reference SN, with a similar peak value,
but with the peak shifted from the expected posi-
tion of the primary separatrix towards the private
flux region.
• All the strike points, in any configuration (SN and
SF-), show some displacement of the peak heat flux
from the computed strike point position, towards
the private flux region.
The standard target heat flux parameterisation is per-
formed for the heat flux profile at SP4. The hol-
low feature makes invalid this approach for SP1. The
SOL width λSP4q,u = (1.6± 0.3) mm is narrower than the
SN, λOSPq,u = (2.8± 0.7) mm. The divertor spreading
factor in the SF configuration, SSP4u = (3.2± 0.4) mm,
is similar to the value in the SN configuration,
SOSPu = (2.8± 0.8) mm.
Due to the smaller target flux expansion in the SF,
fSP4x ≈ 1.6, compared to the SN, fOSPx ≈ 4, the divertor
spreading evaluated at the target is smaller in the SF,
SSP4 ≈ 5.3 mm, than the SN, SOSP ≈ 11.2 mm. The
HFS SF- data does not agree with the Su ∝ f−1x de-
pendence observed for the SN13, for fixed target electron
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temperature and density, and in the LFS SF-. Accord-
ing to a diffusive interpretation of S13, a smaller electron
density and/or higher electron temperature at SP4 in the
SF, compared with the OSP of the reference SN, could
easily mask such an Su ∝ f−1x dependence. This hypoth-
esis cannot be verified since the tilted carbon tiles where
SP4 sits, figure 1b), are not yet equipped with Langmuir
Probes.
IV. IN-OUT POWER SHARING DEPENDENCE ON
X-POINT SEPARATION
This section discusses the variation of the power shar-
ing between inner and outer divertor when increasing the
separatrix parameter drx2. Note that when drx2 ≈ 0 the
configuration does not correspond to an exact SF, figures
2a) and 2e).
A. The LFS Snowflake Minus
In the LFS SF-, the outer divertor is split between
SP2 and SP4, with any power to the unconnected SP3
being negligible, and SP1 corresponds to the inner di-
vertor. For increasing drx2, the total power reaching
the outer divertor, i.e. the sum PSP2 + PSP4, decreases,
whereas the power reaching the inner divertor, i.e. PSP1,
increases by, to within uncertainties, the same amount,
figure 5a). The ratio Pin/Pout thus increases with drx2,
figure 5d). As the Ohmic heating power and radiated
fraction are relatively independent of drx2, this is a real
change in the power sharing between divertors. The same
Pin/Pout dependency is observed for both magnetic field
directions. In22, such power sharing variation is inter-
preted as a change in the SOL parallel transport re-
sulting from changes in the geometry of the flux tubes
caused by the secondary x-point. The increased PSP1
for larger drx2 confirms, qualitatively, predictions from
fluid calculations assuming constant cross-field transport
coefficients10.
Changing the magnetic field direction from RF to FF
appears as an offset in PSP1, figure 5a). The same power
variation is observed at the ISP of the SN configuration
and can be partially explained by higher radiative losses
in the inner divertor, figure 7. The enhanced volumetric
losses could result from ion drifts in the SOL. In forward
field conditions, ~E × ~B drifts in the private flux region
of the primary separatrix would transport plasma from
the outer divertor strike point (OSP in a SN, SP2 in a
LFS SF-) to the inner divertor strike point (ISP in a SN,
SP1 in a LFS SF-)23. The plasma density around the in-
ner divertor strike point would increase and, furthermore,
the sputtered carbon impurities would be impeded from
dispersing into the outer divertor volume. An increased
density of plasma and carbon impurities near the strike
point would then enhance volumetric losses and conse-
quently lower the heat flux reaching the target.
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FIG. 7. Radiated power density in TCV poloidal plane, from
bolometric inversion, of a LFS SF- configuration in FF (a) and
(b) RF conditions. The total radiated power is ≈ 102 kW in
FF, ≈ 84 kW in RF, with PΩ ≈ 250 kW for both.
B. The HFS Snowflake Minus
In the HFS SF-, the inner divertor is split between
SP1 and SP3, with the power to the unconnected SP2
remaining negligible, and SP4 corresponds to the outer
divertor. When increasing drx2, the power to the outer
divertor PSP4, figure 6c), shows a weak to negligible de-
pendence on drx2 than for PSP1 in the LFS SF-. Conse-
quently, Pin/Pout in the HFS SF- depends much less on
drx2 than for the LFS SF-, figure 6d).
Changing the magnetic field direction from RF to FF
introduces an offset to PSP1, figure 6a), similarly to that
observed for the LFS SF- and for the SN, which is consis-
tent with increased radiative losses in proximity of SP1.
Changing the magnetic field direction introduces an off-
set also to PSP4, figure 6d), differently from the LFS SF-.
V. POWER SPLITTING AT THE SECONDARY NULL
This section focuses on the repartition of SOL power
fluxes between the two strike points created by the sec-
ondary null. As expected from simple geometrical argu-
ments, for increasing drx2, the power to the near-SOL
strike point (SP2 in the LFS SF-, SP3 in the HFS SF-)
increases while that to the far-SOL strike point (SP4 in
the LFS SF-, SP1 in the HFS SF-) decreases, see figures
5 and 6.
In the LFS SF- configuration, there is a significant
power arriving at SP4 when drx2 ≈ 12 mm, figure 5c),
contrary to what is expected. Indeed, this drx2 exceeds
by a factor ≈ 3 the fall-off length λq,u ≈ 4 mm of the
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FIG. 8. Cartoon explaining the model for the SOL transport. The exhaust power, split at the outer mid-plane in Pin and Pout,
flows along flux tubes, grouped in near-SOL and outer-SOL, towards the divertor targets. The cross-sectional area of these
tubes decreases for smaller major radius.
SOL heat flux profile, which is thereby entirely enclosed
between primary and secondary separatrix. The far-SOL
manifold should be fairly empty and the power measured
at SP4 should be negligible.
The large power arriving at SP4 when drx2 ≈ 12 mm
can result from changed transport properties in the intra-
null region of the LFS SF-, relative to the rest of the SOL.
For instance, radial transport may be comparable to the
poloidal projection of parallel transport in the intra-null
SOL of the LFS SF-.
With the aim of a more quantitative characterisation
of this result, a simple model for the heat flux distribu-
tion at the null is discussed. Using the measured power
splitting at the secondary null, the model infers a typi-
cal fall-off length for the intra-null SOL heat flux profile.
This fall-off length can then be compared to that mea-
sured at the divertor target of the reference SN.
A. Model for heat flux splitting at the secondary x-point
The model is illustrated for the LFS SF- configuration,
but it applies to the HFS SF- as well. It is a refined ver-
sion of the model published in11,24.
The exhaust power PSOL is taken to enter the SOL at the
outer mid-plane, where it separates into flows towards the
inner divertor (Pin) and the outer divertor (Pout), see fig-
ure 8. For each SOL magnetic surface, c∧div is the power
to the divertor which hosts the secondary null, normal-
ized on the sum of that to both divertors (∧ = in for
the HFS SF-, ∧ = out for the LFS SF-). c∧div therefore
describes the in-out power sharing for each magnetic sur-
face.
At the secondary x-point, the SOL flux tubes split again
into a further two manifolds, with the near-SOL flux
tubes connecting to SP2 and the far-SOL flux tubes to
SP4, see figure 8. c∧div,near and c
∧
div,far describe, respec-
tively, the near-SOL and far-SOL flux tubes. Also, be-
tween the outer mid-plane and the divertor targets, vol-
umetric radiative losses dissipate a portion of the SOL
power. This fraction is indicated by f∧r,near and by f
∧
r,far
for the near-SOL and far-SOL flux tubes, respectively.
The SOL heat flux profile in proximity to the secondary
x-point, when mapped upstream by following flux sur-
faces, is approximated by a truncated exponential with
decay length λeff ,∧q,u , referred to as the effective SOL width
near the null. Integration of this profile over the near-
SOL (dru < drx2) and far-SOL (dru > drx2) parts, see
the schematic in figure 8, yields the power deposited by
each manifold at the target
P∧near = (1− f∧r,near) c∧div,near PSOL (1− e−drx2/λ
eff ,∧
q,u )(1)
P∧far = (1− f∧r,far ) c∧div,far PSOL e−drx2/λ
eff ,∧
q,u(2)
Equation 2 can be conveniently written as
P∧far = P
∧∗
far e
−drx2/λeff ,∧q,u (3)
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manifold created by the secondary x-point for the LFS SF-
(a) and HFS SF- (b) configuration, in FF (squares) and RF
(circles) conditions.
where P∧∗far = (1− f∧r,far ) c∧div,far PSOL.
Equation 3 parameterises the power deposited at the
divertor target by the far-SOL flux tubes. This corre-
sponds to PSP4 of a LFS SF- and to PSP1 of a HFS SF-.
In the following it is shown that P∧∗far is independent of
drx2 for both geometries, for this experiment.
Integration of the radiated power density from bolometric
inversion over the far-SOL volume, see figure 9, is used to
estimate the radiated power in the far-SOL, P∧r,far . The
radiated fraction f∧r,far is then computed, for increasing
drx2, as
f∧r,far =
{
foutr,far = P
out
r,far/(P
out
r,far + PSP4) for the LFS SF-
f inr,far = P
in
r,far/(P
in
r,far + PSP1) for the HFS SF-
For the low density plasmas of this experiment, for both
the LFS SF- and the HFS SF-, f∧r,far is relatively small
and, most importantly, is independent of drx2, figure 9.
The power sharing variation between divertors, seen for
the LFS SF-, may result from changes in the flux tube
geometry, in particular their length as proposed in13 for
the SN. However, since the secondary null has little ef-
fect on the far-SOL flux tube lengths, the in-out power
sharing of each flux tube would be, to the first order, in-
dependent of drx2. This means that c
∧
div,far is a constant,
independent of drx2.
In conclusion, the P∧∗far = (1− f∧r,far ) c∧div,far PSOL is ex-
pected to be largely independent of drx2 for the LFS SF-
and HFS SF- configurations.
Having shown that, for this experiment, P∧∗far does not
depend on drx2, equation 3 can be used to fit the mea-
sured variation of PSP4 with drx2 in the LFS SF-. This
gives an estimate for λeff ,∧q,u , the SOL heat flux channel
width in the intra-null region. The same is then repeated
for PSP1 of the HFS SF-.
B. Effective SOL width for the LFS SF-
The variation of PSP4 with drx2 is consistent with an
effective SOL width of
λeff ,outq,u = (9± 2) mm LFS SF- (FF and RF)
and is independent of the magnetic field direction, figure
10a). This is two times larger than that measured by IR
thermography at the OSP of the reference SN,
λOSPq,u =
{
(3.8± 0.2) mm FF
(3.8± 0.7) mm RF
This large difference between λeff ,outq,u and λ
OSP
q,u is indica-
tive of changed transport properties, with respect to SN,
at the outer mid-plane and/or in the divertor, i.e. an
increase of the effective cross-field diffusivity χu⊥ and/or
χnull⊥ , according to the scheme of figure 8.
The transport at the outer mid-plane is investigated
with the fast reciprocating probe. The SOL profiles of the
LFS SF- are very similar to the SN case with a small in-
crease in the temperature for the SF-25, figure 11. There
is no evidence for a χu⊥ variation:
χu⊥(SN) ≈ χu⊥(LFS SF−)
Also, the SOL width, inferred from the temperature pro-
file at the outer mid-plane for the SF- configuration,
λRCPq,u (SF−) =
{
(4.1± 0.7) mm FF
(4.3± 0.6) mm RF
grey curve in figure 10a), agrees with the target mea-
surement for the SN. The RCP prediction is calculated
by assuming a SOL parallel heat transport dominated
by electron heat conduction, which yields the simple re-
lation λRCPq,u = 2/7 · λT,u13, where λT,u is the decay length
of the upstream electron temperature in the SOL, which
is measured by the RCP.
As experiment shows no effect of the secondary null
on the upstream transport, the broad λeff ,outq,u is ascribed
R. Maurizio et al 10
0 2 4 6 8 1 0 1 2 1 40 . 0
0 . 2
0 . 4
0 . 6
0 . 8
1 . 0
l R C P  q u »  4 . 1  m m
a )
P SP4
/(P S
P4(d
r x2=
0)) 
[ad
]
d r x 2  [ m m ]
L F S  S F -
F F :  l e f f , o u tq u  »  9  m mR F :  l e f f , o u tq u  »  9  m m
# 5 2 5 6 8  ( F F ) ,  # 5 7 8 9 3  ( R F ) .  R C P :  # 5 2 5 7 1 ,  1 . 7 s  ( F F )
0 2 4 60 . 0
0 . 2
0 . 4
0 . 6
0 . 8
1 . 0
l R C P  q u »  3 . 0  m m
b )
H F S  S F -
F F  :  l e f f , i nq u  »  5  m mR F :  l e f f , i nq u  »  5  m m
# 5 2 5 4 4  ( F F ) ,  # 5 7 8 7 7  ( R F ) .  R C P :  # 5 2 5 4 9 ,  1 . 3 s  ( F F )
P SP1
/(P S
P1(d
r x2=
0)) 
[ad
]
d r x 2  [ m m ]
FIG. 10. (a) In the LFS SF- configuration, SOL power which is measured at SP4 for increasing distance between the two
x-point drx2, normalised to the value for drx2 = 0. (b) In the HFS SF- configuration, SOL power which is measured at SP1
for increasing drx2, normalised to the value for drx2 = 0. Blue squares and purple circles refer to FF and RF conditions
respectively. An effective width for the SOL near the secondary null is inferred.
to a changed cross-field transport in the outer divertor.
This requires that
χnull⊥ (LFS SF−) χu⊥
i.e. the effective cross-field diffusivity in the null re-
gion has to be higher than the value in the rest of the
SOL, figure 8. Since the SOL width measured at SP4 by
IR, λSP4q,u = (4.6± 0.6) mm, matches, within uncertain-
ties, that measured at the outer mid-plane by the RCP,
the χ⊥ enhancement is limited to the null region, see
figure 8.
C. Effective SOL width for the HFS SF-
The variation of PSP1 with drx2 is consistent with an
effective SOL width of
λeff ,inq,u = (5.0± 1.5) mm HFS SF- (FF and RF)
and is also independent of the magnetic field direction,
figure 10b). This agrees, within uncertainties, with the
value measured by the IR thermography at the ISP of
the reference SN,
λISPq,u =
{
(4.7± 1.1) mm FF
(3.6± 0.7) mm RF
This suggests that the cross-field transport upstream and
in the divertor is not significantly influenced by the sec-
ondary null.
The transport upstream is again investigated with the
RCP. The SOL profiles at the outer mid-plane are similar
for the HFS SF- and its reference SN, figure 12. There is
thus, again, no clear evidence for a χu⊥ change:
χu⊥(SN) ≈ χu⊥(HFS SF−)
Finally, the SOL width inferred from the RCP tempera-
ture profile for the HFS SF- configuration,
λRCPq,u (SF−) = (3.0± 0.5) mm FF
grey curve in figure 10b), is compatible with λeff ,inq,u within
uncertainty. This supports the view that the transport
in the null-region is not significantly influenced by the
secondary null:
χnull⊥ (HFS SF−) ≈ χu⊥
In conclusion, the HFS SF- does not show any of the
signs of enhanced transport observed in the LFS SF-.
These results are valid for the explored range of drx2.
When drx2 → ∞, the magnetic configuration becomes
a SN and it is reasonable to expect that λeffq,u gradually
recovers the λq,u of the SN.
VI. DISCUSSION
In this section some physical mechanisms that could
explain such an increased cross-field transport between
the two nulls are introduced. The power exhaust perfor-
mance of the SF- configuration is then discussed.
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A. Plasma convection in the low-Bp region
Plasma convection near the primary null could explain
the observed broadening of the SOL heat flux channel
in the low poloidal field region of the LFS SF-. Several
candidate modes (i.e. instabilities) that could cause the
convection have been proposed19,26,27. Here, the role of
the churning-like mode and the ballooning mode is dis-
cussed. The onset of these modes requires large values of
the poloidal beta
βp = P/(B
2
p/(2µ0)) > 1
where P is the plasma pressure and Bp the poloidal field.
The onset of these modes depends also on the orientation
of the pressure gradient. A vertical pressure gradient
maximizes the driving terms of the churning-like mode,
while a radial pressure gradient maximizes the driving
terms of the ballooning mode.
The βp in the SOL of a LFS SF- configuration
with relatively small x-point separation in flux surface
space (drx2 = 3.5 mm), but relatively large in real space
(σ ≈ 0.83), is estimated by using the poloidal field from
the magnetic reconstruction, figure 13a), and the pres-
sure measured at the outer mid-plane by the RCP (pres-
sure is, as usual, taken to be conserved along field lines).
βp is highest near the two nulls, where the poloidal field
vanishes, while it is ≈ 0.5 in the intra-null volume, see
figure 13b). In the βp > 1 area near the primary null,
plasma convection could be sustained by a churning-like
mode as ∇P is vertical. However, its extent (mapped
upstream) would only be
r∗u ≈ 1.1 mm
which is much narrower than the SOL width measured at
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FIG. 13. (a) Poloidal magnetic field in the intra-null region
of the LFS SF- configuration, from magnetic reconstruction.
The dashed red line shows the extent of the low poloidal field
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plane value. In proximity of the primary null (red crosses),
the field gradient is |∇Bp| = 0.27 Tm−1. (b) Poloidal beta in
the SOL, computed with the pressure measured by the RCP
at the outer mid-plane.
the outer mid-plane by the RCP (λRCPq,u ≈ 4 mm). Any
pressure-driven convection near the primary null is too lo-
calized to cause the observed enhanced cross-field trans-
port.
For the SF- configurations of this study, the real space
distance between the two x-points is too large to access
the high-βp (low-Bp) effects which are predicted for the
exact SF. Such large distance, also, implies that there is
no region, near the nulls, where the quadratic term in the
expansion of Bpol around the null point dominates over
the linear term.
B. Interchange turbulence in the low-Bp region
The increased diffusivity in the low Bp region of the
LFS SF- could be the effect of interchange ballooning-
like turbulence. Perpendicular turbulent transport in the
outer divertor leg of the SN configuration, being stronger
towards the common rather than private flux region, was
proposed13,28 to explain the increase of λOSPq,u with in-
creasing outer divertor leg length. This was also sup-
ported by turbulent simulations28.
Interchange ballooning-like turbulence, in regions of
’bad curvature’, that is locally enhanced by the low
poloidal magnetic field between the nulls, is compatible
with the data. This would be more effective with the sec-
ondary null placed in the LFS rather than the HFS SOL,
where the magnetic flux surfaces are vertically aligned so
the SOL pressure gradient and the magnetic field gradi-
ent are in the same direction, maximising the drive terms
for several instabilities. This would be compatible with
the observations of Section V that χnull⊥  χu⊥ for the
FIG. 14. For the LFS SF- configuration in FF conditions,
peak parallel heat flux at SP2 and SP4 (outer divertor) as
a function of drx2. The values for the ISP and OSP of the
reference SN, shown in figure 1a), are also indicated.
LFS SF-, while χnull⊥ ≈ χu⊥ for the HFS SF-.
C. Power exhaust performance of the SF- configuration
In this section, the question of peak heat flux dam-
aging the outer divertor target is addressed. The TCV
findings show that the power exhaust performance of the
outer divertor is significantly improved in the LFS SF-
configuration compared to the SN. In contrast, no evi-
dent benefits are observed in the HFS SF- configuration
compared to the SN, as the power flowing to the outer
divertor is higher than the SN.
A first power exhaust benefit of the LFS SF- config-
uration is the possibility to control the power sharing
between inner and outer divertor via drx2. Should the
power flowing to the outer divertor be too high in a fu-
sion reactor, an increase of the distance drx2 would de-
viate a fraction to the opposite divertor, provided that
optimizing drx2 to balance the peak heat fluxes on SP2
and SP4 is not necessary10.
A second advantage is a substantial reduction of tar-
get parallel heat fluxes to the outer divertor in the LFS
SF- compared to the SN. This flux at the outer divertor
plate qpeak‖,t is important for the power exhaust perfor-
mance of a magnetic configuration. For a fixed grazing
angle of magnetic field lines on the target, qpeak‖,t is di-
rectly proportional to the perpendicular heat flux qpeak⊥,t
that determines the erosion of the surface and should be
minimised. For the LFS SF- in TCV in a low power,
attached divertor regime, the qpeak‖,t at the outer diver-
tor (SP4) is significantly smaller than at the OSP of the
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reference SN at drx2 ≈ 0,
qpeak‖,t (drx2 = 0)/q
peak
‖,t (SN) ≈ 0.38
see figure 14. Since the primary and secondary separa-
trixes coincide, SP2 is not active and the peak reduction
cannot be ascribed to power splitting at the secondary
null.
To better understand the causes of the reduced qpeak‖,t , an
analytic expression for it is derived in the Appendix IX,
equation 4. The comparison between LFS SF- and SN
yields:
qpeak‖,t (drx2 = 0)
qpeak‖,t (SN)
=
Rt(SN)
Rt(drx2 = 0)
· cdiv(drx2 = 0)
cdiv(SN)
× λq,u(SN) + 1.64 · Su(SN)
λq,u(drx2 = 0) + 1.64 · Su(drx2 = 0)
≈ 0.71 · 1.07 · 0.53 ≈ 0.4
This suggests that the peak reduction is primarily the ef-
fect of the increased Su (λq,u is approximately the same),
and then the effect of the increased Rt (increased total
flux expansion).
No power exhaust advantage comes, in principle, from
the enhanced cross-field diffusivity in the low Bp region
between the two nulls, as it does not directly affect the
total wetted area for the outer divertor.
VII. CONCLUSION
This paper investigates the power exhaust properties
of the Snowflake Minus (SF-) configuration in the TCV
tokamak, when increasing the distance drx2 between pri-
mary and secondary separatrix. The plasma is operated
in L-mode, at low-density, with both divertors in the at-
tached regime. The heat fluxes at all strike points of the
LFS SF- and of the HFS SF- are simultaneously measured
with an Infrared thermography system (IR) and the ki-
netic profiles of the SOL at the outboard mid-plane with
a fast reciprocating probe (RCP).
The power sharing between inner and outer divertor
changes when the secondary null is placed on one side
of the SOL and depends on drx2. Similar power shar-
ing variations were already observed in fluid calculations
for the TCV LFS SF- configuration, which assumed con-
stant cross-field transport coefficients, and can therefore
be attributed directly to the magnetic geometry.
The power splitting at the secondary null with drx2 is
interpreted using a simple analytical model to infer an
effective width of the SOL heat flux channel in the low
poloidal field Bp region, λ
eff
q,u. For the LFS SF-, although
the SOL plasma profiles at the outer mid-plane are simi-
lar to those of the SN, the λeffq,u is a factor two larger than
the value measured at the OSP of the SN, independently
of the magnetic field direction. The broad λeffq,u is inter-
preted as a higher effective cross-field diffusivity in the
intra-null region than in the rest of the SOL. For the HFS
SF-, the SOL plasma profiles at the outer mid-plane are
similar to those of the SN and λeffq,u is comparable to the
value measured at the ISP of the SN. Therefore, no evi-
dence of changed cross-field transport is observed for this
geometry. Note that the values for λeffq,u discussed above
were underestimated in a similar TCV study11 relying
entirely on Langmuir Probes without Infrared thermog-
raphy. This discrepancy would be easily accounted for by
the limited spatial resolution of the probes, without strike
point sweeping, resulting in large uncertainties in the de-
posited power as well as systematic errors. This study
has thus shown the importance of high spatial resolu-
tion IR measurements of the strike point heat deposition
profiles. A future densification of the LP array on TCV
will allow a considerably improved comparison and may
provide further information on the observed cross-field
transport mechanisms.
The size of the βp > 1 area near the primary null,
where pressure-driven plasma convection is strong, is in-
ferred for a LFS SF- configuration using the magnetic re-
construction and the upstream pressure measurements.
The convection zone is much narrower than the SOL
width near the null, and is unlikely to be able to explain
any increased cross-field transport between the nulls.
Note that the x-point separation is larger than the val-
ues where a previous TCV study found indications of
enhanced cross-field transport due to high βp
9. Finally,
the hypothesis that the increased diffusivity in the low
Bp region is the effect of interchange ballooning-like tur-
bulence is concluded to be compatible with the data.
Due to the relatively large x-point separation in real
space for the SF- configurations considered, this study
probes x-point transport features in general, rather than
reactor relevant aspects of the SF configuration. The
results cannot therefore be extended to a full SF.
Some of the LFS SF- exhaust properties discussed
in this work have been also observed in the DIII-D
tokamak29, although for H-mode plasmas and higher
Greenwald fractions. These include the higher peak heat
flux at SP1 than at the ISP of a similar SN.
The hypothesis of enhanced radial transport in the null
region, formulated in the present paper, is consistent with
the key observation that in the outer divertor of the at-
tached LFS SF-, even when drx2 exceeds the typical SOL
width for those plasmas, the majority of the particles are
still directed to SP430. It is also consistent with the ob-
servation of enhanced filamentary radial transport in the
intra-null region of the LFS SF- at low drx2
31. These
experimental observations motivate first-principle based
studies of the cross-field transport in the divertor and its
dependence on the magnetic field geometry in the vicin-
ity of x-points.
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IX. APPENDIX: DERIVATION OF AN EXPRESSION
FOR qpeak‖,t
An analytic expression for the target peak parallel heat
flux in attached conditions is here derived, following the
argument in32. The SOL heat flux profile perpendicular
to the divertor plate is related to the SOL heat flux profile
parallel to magnetic field lines, at the outer mid-plane,
q‖,u:
q⊥,t = q‖,u
Bp,u
Btot,u
Ru
Rt
sinβpol
fx,t
where q‖,u, Ru, Btot,u and Bp,u are respectively the SOL
parallel heat flux profile, the major radius, the total and
poloidal magnetic field at the outer mid-plane, while Rt
and fx,t are respectively the major radius and flux ex-
pansion at the divertor target. The βpol is the angle, in
the poloidal plane, between the divertor plate and the
magnetic separatrix. It can be shown that the ratio
sinβpol
fx,t
≈ tan γBφ,u
Bθ,u
is proportional to the grazing angle γ of magnetic field
lines onto the plate.
The parallel heat flux profile q‖,u is generally described
by a truncated exponential with decay length λq,u
q‖,u(dru) =
cdivPsep
2piRuλq,u
Btot,u
Bp,u
e−dru/λq,u
where cdiv is the fraction of power crossing the separatrix
Psep which enters the divertor, dru the radial distance
from the separatrix at the OMP. If there is no cross-field
transport in the divertor, the peak perpendicular heat
flux at the divertor plate is:
qpeak⊥,t =
cdivPsep
2piRtλq,u
sinβpol
fx,t
To account for cross-field transport in the divertor, it
is convenient to define an integral SOL width λq,int
33,
which replaces λq,u in the previous expression. Also,
when the divertor is attached, the parallel heat flux
profile is commonly parameterised by the convolution
of a truncated exponential and a Gaussian, with width
Su, and the integral SOL width is approximated as
λq,int ≈ λq,u + 1.64 Su34. This yields an expression for
the peak heat flux at the target:
qpeak⊥,t =
cdivPsep
2piRt(λq,u + 1.64 · Su)
sinβpol
fx,t
Due to engineering constraints, there is a lower limit for
the possible values of γ. Therefore, for a fixed grazing
angle, the quantity which has to be reduced is the peak
parallel heat flux:
qpeak‖,t =
cdivPsep
2piRt(λq,u + 1.64 · Su)
Btot,u
Bp,u
(4)
The qpeak⊥,t can be reduced by increasing Rt and/or by
increasing λint,u.
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